Although the Antarctic has avoided the worst effects of alien species, its future seems endangered due to increasing natural and man−made pressures. Rapid changes in three major environmental variables have occurred in the Antarctic region during the last decades. In the short term terrestrial biota are likely to benefit from reduced environmental stresses, but in the long run the colonization of the region by lower latitude species with greater competi− tive ability will become increasingly important and can lead to large−scale changes in biologi− cal composition and trophic complexity in some existing Antarctic terrestrial ecosystems. Moreover, the recent dynamic climate changes combined with human activities in the Antarc− tic region might modify the status of several alien species which have hitherto been consid− ered transient or persistent and could, therefore, become naturalized and threaten the native communities on a larger scale than today, or influence the status of naturalized species.
a few rocky outcrops along the coast, the dry valleys and nunataks. Antarctic organ− isms are exposed to extreme conditions with very low temperatures, desiccating winds, intermittent water supply, a highly seasonal light regime, continuous light in midsummer, elevated ultraviolet−B radiation levels and very short growing season. In some places terrestrial organisms can be exposed to daily temperature fluctua− tions of 20-40°C and annual temperature fluctuations as high as 40-80°C and are therefore highly eurythermal (Convey 1996) . Many of Antarctic continent areas are considered polar deserts, because the precipitation is less than 100 mm/year and is almost always delivered as snow. Exacerbating the extremely dry conditions are the subzero summer temperatures which lock most water away, significantly limiting plant growth and productivity (Hansom and Gordon 1998) . Antarctic terrestrial or− ganisms have biochemical and physiological adaptations that allow them to with− stand prolonged periods of both freezing and desiccation. For example plant and fungi metabolism is quickly established when water becomes available, with lichens having greater recovery potential than others (Olech 2000; Wasley et al. 2006) . Associated with desiccation stress is the impact of wind, which acts both as a stressor and a disturbance, as well as abrasion factor (Berjak 1979) . Also the autochthonous resources of biogenic substance available for Antarctic communities are minimal (Olech 2002) . The low level of energy available in summer and long periods of enforced winter inactivity directly constrain the development rates that can be achieved, carrying the corollary of extended development times and the necessity of repeated overwintering before maturity can be reached . Very characteristic features of Antarctic organisms are high stress tolerance, wide ecological amplitude, lack of competitive ability or investment in dispersal strate− gies, reduced reproductive investment and output, and extended lifespans and life cycles (Convey 1996; 2000) . It is the possession of considerable flexibility in many physiological and life history characteristics, rather than any specific single adaptation, that has been the key element in the response of many Antarctic terres− trial biota to environmental variation (Convey 1996) .
Climatic changes and their influence on the Antarctic flora
Plant communities of Antarctic environments are limited purely by the extreme conditions rather than biotic interactions and are expected to be very sensitive to changes in climate or consequential processes (Frenot et al. 2005) . Most of climate change in coastal Antarctic is causing an increased temperature, extended length of "growing season", precipitation, ice melt, extinction of ice−free habitat, availability of soil moisture, release or input of nutrients into the ecosystem, frequency and changes in the direction of severe weather events (Lewis Smith 2001) . Global tem− peratures increased by about 0.6°C during the 20 th century (Houghton et al. 2001) . However, the picture is more complex in the regional scale. Since austral polar re− gions have been relatively undisturbed, small climatic shifts may have a significant impact on biological habitats, much greater than one of similar scale in a less ex− treme environment at lower latitudes (Convey and Lewis Smith 2006) . Currently, some parts of Antarctica belong to the fastest warming regions of our planet. Over the last 50 years documented temperature changes along the Antarctic Peninsula reach on average about 2°C (Convey 2006) . By contrast, there is one report of re− gional cooling in the Dry Valleys (Doran et al. 2002) . The warming trends are not constant throughout the year, with higher increases during winter than during the summer. The limited direct effect on summer conditions, shortening of the winter period, as well as earlier spring thaws and later autumn freezing may extend the ac− tive season for terrestrial biota. By contrast, in some places (South Orkney Is) warm− ing occurred mostly in summer (Lewis Smith 1991). There were also documented changes in patterns of cyclonic activity around the Antarctic, along with changes in the intensity of precipitation. The availability of liquid water may be even more im− portant than temperature for the biological activity in Antarctic terrestrial habitats. Even minor differences in moisture availability may result in significant changes in the composition of plant communities (Kennedy 1993) . Increases in precipitation have been documented in the maritime Antarctic (Turner et al. 1997) , there is also an increasing likelihood that summer precipitation will fall as rain rather than snow, and hence be immediately available to terrestrial ecosystems. While increasing the input of water to terrestrial ecosystems, earlier or increased melt may also exhaust reserves of ice or snow before the end of the summer, hence locally increase water stress (Davey et al. 1992) . The potential consequences of the annual formation of the Antarctic ozone hole lead to greater penetration of UV−B radiation during the austral spring. For Antarctic plants, most studies have found little effect on photosynthesis, but growth was affected by exposure to UV−B radiation especially in two species of vascular plants. In both thicker leaves, reduced branching and fewer leaves per shoot were observed with increased exposure Ruhland and Day 2000; Xiong and Day 2001) . UV radiation altered also the pigment composition (Robinson et al. 2005) . The consequences of climate changing throughout the maritime Antarc− tic include also the increase in favourable conditions for colonization, community development, reproduction and dispersal, frequent stimuli for the development of buried propagules, increased rate of development of the buried soil propagule bank, potential for the establishment of species new to region, increased reproduction suc− cess, increased local propagule dispersal, enhancing the survival of some species and possibly favouring new colonists, as well as possible reduction in resilience of modified communities to brief periods of reversed climate trend (Lewis Smith 2001) . Botanical responses to recent climate amelioration are already visible in the maritime Antarctic and sub−Antarctic in the form of growth of local population den− sity and distribution of the vascular plant species and changes in their reproductive patterns, with a greater incidence of successful sexual reproduction and increased seed output (Fowbert and Lewis Smith 1994; Grobe et al. 1997) may have a further impact through their ability to remain dormant in soil propagule banks (McGraw and Day 1997) . Rapid population increases have also been observed among bryophytes and microbiota in the maritime Antarctic (Lewis Smith 2001; Green et al. 1999) . Sexual reproduction in mosses also leads to the production of highly dispersible spores, possibly providing opportunities not available to the range of asexual propagules also produced, which will alter the pattern of colonization (Convey and Lewis Smith 1993) . However, colonization by alien species and consequential change in the patterns and importance of competition will in itself be one of the ma− jor outcomes of climate change for Antarctic terrestrial ecosystems (Convey 2006 ).
Human impact
Human activity in the Antarctic region has only taken place for the last 200 years. This region shows no evidence of ever having supported indigenous human populations. Excessive commercial exploitation took place in the sub−Antarctic dur− ing the late 18 th and 19 th centuries, initially through sealing and, subsequently, whal− ing industries, followed by exploitation beyond the Polar Front (Frenot et al. 2005) .
Early exploration and seal hunters. During his expeditions Cook noted in his log large numbers of animals he ob− served in the high latitudes (Gurney 1997) and before long, hunters headed south. A new phase in Antarctic exploration and exploitation began in 1819, when Wil− liam Smith had discovered South Shetlands. During the 1820-21 summer season there were between 55 and 60 sealing vessels working in the South Shetlands. Per− haps a quarter of a million seals were eliminated within three months. Voyages of many sealers looking for new hunting grounds were underwritten by a whaling company "Enderby Brothers", whose owners were eager to have their captains make new geographical discoveries. During only two decades which had passed since the discovery of the South Shetlands nearly all commercially valuable seals had been extirpated (Wise 1973) .
The whale slaughter. -During the early part of the nineteenth century, whalers ventured further south. Late 19 th century Norway's whaling expeditions to the Antarctic were not successful, but by the early twentieth century whaling tech− nology had improved. The industry was re−established in the Antarctic in 1904, when the first shore station was built at Grytviken on South Georgia I. (Tønnessen and Johnsen 1982; Kittel 2004) . In 1906, the first factory ship was sent to the South Shetlands. By 1912 there were six shore stations, 21 factory ships, and 62 catchers in Antarctica. In 1923 the British government, alarmed by the diminishing number of whales, established the Discovery Committee. Members of the committee, us− ing a ship named Discovery, began their work on South Georgia in early 1925. Thus, they began the first major scientific study in Antarctica. In 1937, nine coun− tries agreed to minimum size restrictions of hunted whales. Nonetheless, during the 1937-1938 season, over 46,000 whales were killed (Wise 1973).
Heroic age. -Scientific research started to be emphasized during the "Heroic age" of exploration of the early 20 th Century. This is the period of Antarctic explo− ration from the Fifth International Geographical Conference in 1895 to the end of Shackelton's Antarctic exploits. The final major expedition of "the heroic era" be− gan when Ernest Shackleton left England in the ship Endurance (Wise 1973).
Scientific research activities. -The region has attracted scientists since the late nineteenth century. According to Antarctic Treaty obligatory data in the 2008/09 seasons, at 111 stations, refuges and field camps in Antarctica there were 4460 (1094 in winter) personnel (www.comnap.aq). Only a few stations have been built on the continental ice sheet, most of them are situated in coastal regions (Bölter and Stonehouse 2002) . The largest numbers were deployed at the stations in the Scotia Arc and Antarctic Peninsula sector and the single McMurdo Station in the Ross Sea sector. National transport programs used over 60 ships each year. Many of the national programs are run by European and Asian countries, and the USA. Large numbers of ships inevitably travel from the Northern Hemisphere, with some working consecutive Antarctic/Arctic summers to take advantage of ice−strengthened or ice−breaking capabilities (Enzenbacher 1994 ). Domestic animals. -There are numerous records of domestic animals and their foodstuff being imported to Antarctic stations, but mainly to the sub−Antarc− tic islands. Ponies, pigs, sheep, hens and occasionally cows were kept as a food source at the whaling stations, and at some research stations until as late as the nineteen sixties. The cattle and sheep were fed on dry alfalfa and the poultry on maize, and ponies were fed on hay (Lewis Smith 1996) .
Tourists. -In 1956 the Chileans started tourist flights over the Antarctic con− tinent. This was soon followed by cruises to the South Shetland Is (1957) (Stone− house 1994). There has since been an initially erratic but later rapid increase in tourism, especially in the last decade. In 2006/2007 58 tourists ships took 37 000 tourists (plus over 22 000 crew and staff) (www.iaato.org ). It can be expected that both commercial tourists and private adventurers will have similarly high levels of travel mobility to expeditioners. Practically all tourists are ship−based transistents, living on their ship, requiring no infrastructure ashore, and staying for only a few days in the area, mainly in the four summer months (Stonehouse 1999). Tourists congregate in the small coastal areas rather than in land ice (Bölter and Stonehouse 2002) . The majority departs by small ships from Ushuaia, or Punta Arenas, and participates in multi−site tours. The sequence of sites visited over a short time pe− riod is often from warmer, higher biodiversity areas to cooler, lower biodiversity The Antarctic in the changing world areas. Furthermore, Antarctic tourist expeditions commonly visit other high−lati− tude regions within six months before departing for Antarctica (www.iaato.org). Most tourists are from Europe, North America and Japan. The standard pattern of visits during the 1980s and 1990s was simply to land on beaches and observe im− mediately accessible wildlife, but the options now include extensive walks, kayaking and even a marathon (www.marathontour.com). Currently, over 28 000 ship−based tourists visit the Antarctic each year, making use of over 150 landing sites. While some locations receive only a few visits per decade, the most popular may be visited even three times weekly throughout a summer season (even 430 landing per site) (Ciaputa and Salwicka 1997; www.iaato.org) .
Colonization
Low species richness and the absence of many functional groups might make polar islands, and the island−like exposed land of Antarctica, more susceptible to alien invasion (Bergstrom and Chown 1999) . Successful transport across the Polar Front and establishment in the Antarctic is an infrequent event, but long−distance dispersal and subsequent establishment appear to be more problematic than sur− vival alone. Some groups of organisms are better adapted to dispersal and this de− termines the frequency with which they arrive at new habitats, but not their ability to establish there. Other organisms have limited mobility but have established and survived in various refugia on account of their ability to withstand a series of selec− tive pressures. Establishment involves the initiation of a long−term viable and re− producing population and differs from simple survival, as it requires the resources and habitat to permit reproduction, development and completion of the life cycle. Consequently very limited number of species will be able to deliver all the bio− chemical processes required for colonization and persistence (Hughes et al. 2006) . Stochastic arrival of a key species with essential capability of establishment at a site may itself alter the environmental conditions and permit establishment of other species. A wide range of biotic groups appear well−adapted in respect to the first of these requirements, having developed a range of stress−resistant pro− pagules, which allow the possibility of survival during extended dispersal events (Convey 1996) . Alien species are those that are considered to occur outside their normal or natural range as a result of human activity, or as self−introductions from a site of known human introduction (Frenot et al. 2005) . The majority of alien spe− cies met at sub−Antarctic islands are transient or persistent and are unable to spread into the native vegetation. With the exception of a few highly invasive species these alien plants have a restricted impact on the ecosystems. However, the current changes in the climate conditions might modify the status of several alien species. Climate change could also influence the status of species that apparently have a small impact and could increase their competitive abilities making them dominant in the communities (Frenot et al. 2001 ).
Potential source of introduction
Whole organisms or their propagules can be transported in air, water current, as− sociated with migratory birds and mammals, or in water, attached to flotsam (logs, kelp rafts) or by humans (Hughes 2006) . There is some evidence of continuous im− migration of sporomorphia from South America (Lewis Smith 1984; 1991; 1993) . Exotic pollen and spores of bryophyte and lichen species have been detected on the continent (Linskens et al 1993; Kappen and Straka 1988; Marshall and Convey 1997) . It suggests also that there is no or very rare passive introduction by wind drifts, birds or other vectors. However, these vectors may play a role in the dispersal of alien species inland (Chown and Avenant 1992). There is no evidence of seeds or vegetative fragments being transported into the austral polar regions by adhering to birds (Lewis Smith 1984) . It is probably because all native migratory birds visiting these areas spend at least short periods on the sea. Transoceanic dispersal of propagules across the Southern Ocean by other natural agencies such as seals or tree trunks, or even flotation is highly unlikely (Lewis Smith 1996) . There is no direct evidence of waterborne transfer of propagules into austral polar regions. Dispersal on the water surface is likely to be important within locations on the local scale (Hughes et al. 2006) . Wind is probably the dominant natural agent of biological transport both into and within these regions for many biological groups. West Wind Drift around the Antarctic limits the direct transfer of biological material in the North−South direction. However, some propagules from the continents in the South− ern Hemisphere may still reach the Antarctic continent and offshore archipelagos (Hughes et al. 2006) . Marshall (1996) showed that air mass moving around the con− tinent can be associated with dramatic influxes of airborne biological material into South Orkney Is from South America and estimated that suitable weather patterns occurred on average once every 18 months, although the same phenomenon in a less intensive form can appear more often. But the majority of biological material present in Antarctic air is likely to be of local rather than intercontinental origin (Marshall and Convey 1997) . On the other hand, katabatic winds flowing from glaciers may inhibit local aerobiological transfer of propagules towards inland sites. The majority of the introduced alien species in the austral polar regions are considered human−de− pendent immigrants. A range of alien organisms can be accidentally transported and ultimately introduced by expeditioners, their associated equipment and cargo. Fresh fruit and vegetables are also a source of seeds, invertebrates and are often infected by fungi . Another potential source of contamination are the means of transport including helicopters and all kind of boats used on re−supply expeditions for ship to shore transfer. Personal outdoor equipment and equipment cases, outdoor clothing and items (particularly pockets, seams, cuffs, boots and the hooks of Velcro® fasteners) held many propagules . The in− crease in the propagule pressure is linked to direct human activities (building activ− ity, waste deposits, number of expedition members, frequency of ship landing).
Statute of sub−Antarctic alien flora Sub−Antarctic islands were discovered at the end of the eighteenth century and the introduction of alien species started with human arrival (Walton 1975) . In the sub−Antarctic human activity influence strongly the diversity of plant communi− ties, for example cattle have contributed to substantial changes in low altitudinal areas (trampling, soil erosion, decreasing in the water resources, and change in the organic matter dynamics, and imported livestock food), (Frenot et al. 2001) . Frenot et al. (2005) recorded 108 alien vascular plant species in the sub−Antarctic. They belong mainly to cosmopolitan families including Poaceae (39), Asteraceae (20), Brassicaceae (8) and Juncaceae (7) and have not only survived but also spread and successfully competed. Poor family diversity and the low contribution of some families which are extensively developed elsewhere in the world consti− tute a real disharmony of the native flora and many alien species come from fami− lies non−represented or poorly represented in the native flora of sub−Antarctic (Frenot et al. 1999; Gremmen and Lewis Smith 1999) . The recent coloniza− tion of vascular plants in the sub−Antarctic makes the first stepping stones for new colonisers, as the climate is less harsh than along the Antarctic Peninsula and the main landmass (Bokhorst et al. 2007 ).
Alien species in the Antarctic
All plant species introduced to the sub−Antarctic are common in temperate re− gions of the northern hemisphere, belong to the European flora and usually show a large ecological range (Frenot et al. 2005) . This is partly because human coloniza− tion in the Antarctic was largely from the Old World (Headland 1989) , and may also be a consequence of loading cargo from some of the New World's disturbed areas, such as farms, ports, holding areas in cities, where both the abundance and diversity of European invasive species is high (Slabber and Chown 2002) . In com− parison with sub−Antarctic Islands Antarctica shows much less successful alien in− troduction. Although the Antarctic has escaped the worst effects of alien species, its future seems endangered due to the increasing natural and man−made pressures . The consequences of uncontrolled experimental and acci− dental introductions of organisms, and of importing unsterilized soil and other ma− terials into the Antarctic, pose a potentially serious threat to the ecologically sensi− tive, near−pristine terrestrial systems comprising a very low species diversity (Lewis Smith 1996) . Several stations maintained decorative and culinary plants in the greenhouses, often discarding the remains and imported soil nearby rather than sterilizing or incinerating the material (Hill 1967 ). There were some experiments of introduction of alien plants to the Antarctic. In 1944 nine species of vascular plants (three forbs, one germinoid, three dwarf shrubs and two ferns) were planted on the Goudier I., Port Lockroy, using imported peaty soil from Falkland Is. Four species survived the ensuing winter and showed sings of new growth, although only two were found as healthy during their second summer. No records are avail− able after January 1946, until January 1950, at which time none of imported plants was to be found. But probably the peat soil contained uncertain provenance dor− mant seeds, which germinated even at 1950, or the plants may have grown from seed imported during this expedition. In summer 1946 on this soil the seedling of cabbage were successfully grown (Holdgate 1964 ). An earlier attempt at such an introduction to the South Orkney Is (Laurie I.) was in 1904. 22 phanerogams, which prospered and produced seeds at polar region of North Hemisphere, were sown. However, none of the seeds germinated (Brown 1912; Lewis Smith 1996) . The second documented attempt was made to grow sea kale Crambe maritime at Cape Geology (Victoria Land). A seed was sown in 1912, germinated, but sur− vived only a week (Taylor 1913) . A more casual attempt of sowing of "grass seed" and oats on the Argentine I. in 1935 (during the British Graham Land Expedition 1934-37) resulted in germination, but did not lead to the establishment of any spe− cies (Holdgate 1964 ). In 1962 -63 Rudolph (1966 grew without success a number of seeds of several flowering species in natural soil at Cape Hallett, Victoria Land, that grew well at laboratory in the same soil. The following summer the experi− ment was repeated, and only two species germinated: Poa pratensis and Diapensia lapponica. Only P. pratensis grew very slowly and never developed beyond the two−leaf stage. In 1967 Edwards and Greene (1973) transplanted adult plants from the Falkland Is to South Georgia and Signy I. At Signy I. 11 species survived for 2,5 years, but there was a substantial reduction in their vegetation and reproductive performance suggesting that none of them was likely to become naturalized. All introduced material was destroyed at the end of the experiment. The most success− ful species in terms of reproductive capacity was Poa annua, which produced many inflorescences in each of the three summers. Similar experiment was carried out between 1967 and 1973, when 23 native and alien vascular species from South Georgia were transplanted in local soil and vermiculite on Signy I. Many of the transplanted species survived at the most sheltered site and eight species flowered after at least one winter; also the seed germination was observed during two sum− mers, but seedlings establishment was generally low. In this experiment the most successful in flowering was Poa alpinum. When the experiment was completed in 1973 all plants were removed and incinerated (Edwards 1979) . In 1960 Japanese expeditioners also grew Salix reinii Fr. and S. pauciflora Koidz. from Japan, with all native soil removed and later Empetrum nigrum at the same site. Both species survived one winter and the second summer, but failed to survive the following winter (Hoshiai 1970) . Furthermore, extraordinary facts were discovered during the three austral summers between 1995 and 1998. Several new shoots of Salix, probably surviving from same site were found (Kanda 2002) . Although substantial vascular flora is present on sub−Antarctic Is (Moore and Sladen 1965), only Poa annua and Poa pratensis are recorded as accidentally introduced into the Antarctic biota (Greene and Greene 1963), the record of Stellaria media included by Greene and Greene (1963) having subsequently been proved false by Holdgate (1964) . Both grasses have been recorded on Deception I. P. pratensis was first collected in 1944, while P. annua was not seen until 1953, when it was collected in Whalers Bay (Skottsberg 1954) . P. annua in this locality was then observed for at least three summers and two winters. The grass flowered and also scattered seedlings appeared (Longton 1966 (Corte 1961) . No further information about this grass was reported until the summer of 1990-91 when P. pratensis was growing at the southern part of the original plots. The grass had immature inflorences, but the colony did not spread beyond the orig− inal plot (Lewis Smith 1996) . It was the first published account of the successful establishment of alien phanerogamic plants on the Antarctic mainland. In 1995 a single tuft of Poa cf. trivialis L. was found in a rock fissure about 5 m of refuge situated 20 km far from Syowa Station (Kanda et al. 2002) .
On King George I. Poa annua L. spreads and inhabits areas in the vicinity of the Polish Antarctic Arctowski Station. The species was initially recorded in the austral summer of 1985/86 in front of the entrance of the main building (in holes of the metal grid used to clean shoes) (Olech 1996) . Since the first record of this spe− cies in 1985/86, the populations of P. annua have increased markedly in density and abundance within the original areas. They expanded into new areas until the summer of 1989/90 when only one locality was noted. In 1991/92 a sudden in− crease in the number of localities and rapid spread of the grass were observed. In the following growing season the population of P. annua increased gradually. At the Arctowski station P. annua colonised places strongly altered by human activi− ties, where the soil structure was destroyed e.g. by earthworks or caterpillars, pre− ferring sites sheltered from the wind (Olech 1996). P. annua was noted for the first time in natural communities in summer /2006 . In sum− mer 2006/2007 the number of individuals in the natural communities as well as the total number of localities increased (Olech unpubl. data). P. annua, however, be− came invasive on some of the sub−Antarctic Is, spreading into native communities and displacing native species. At South Georgia (McIntosh and Walton 2000) and at the Arctowski station it seems to be rather persistent than invasive, and has re− stricted its distribution in the colonization area (Chwedorzewska 2008; Olech unpubl. data) . For several alien species Antarctic and sub−Antarctic conditions may be close to their physiological limits (Davies and Melbourne 1999) . It is note− worthy that plant species introduced from original site even in imported soil did not persist longer than a couple of winter periods. There were also a couple of re− cords of introduction of mosses in the maritime Antarctic, like for example Funaria hygrometrica Hedw. on Deception I., Adelaide I. or on Wilkes Land in East Antarctic (Ochyra et al. 2008) . Our knowledge about symbiotic fungi and other microorganisms, which are essential for plants, but cannot exist in the Ant− arctic, is limited (Kappen and Schroeter 2002) .
